ABSTRACT
Introduction
Sensory gating refers to a phenomenon of cortical response suppression to the second of two identical stimuli presented in rapid succession. This response attenuation is thought to reflect the ability of the brain to inhibit the processing of repeated information. a mechanism that protects the processing of irrelevant information (Adler et aI., 1982 : Boutros et aI., 2009 : Clementz et aI., 1997 : Edgar et aI., 2008 : Freedman et aI., 1987 : Huang et aI., 2003 . In the auditory modality, sensory gating has usually been studied in a paired-click paradigm: two brief click stimuli are presented with 500 ms stimulus onset asynchrony. Both stimuli elicit a response at around 50 ms (PSO electroencephalographic event-related potential or MsO magnetoen cephalographic evoked field), with the response to the second stimulus attenuated in comparison to the first one. The amplitude ratio (52-evoked PsO/Sl-evoked PSO) commonly serves as a measure of sensory gating.
Schizophrenia samples consistently show a higher ratio than the comparison samples, which is interpreted as a sign of deficient or inefficient sensory gating (Adler et aI., 1982 : Patterson et aI., 2008 : Yee et aI., 2010 . The inability to suppress distracting, irrelevant reported for several frequency bands and have been related to sensory and cognitive functions (Haenschel et aL, 2009; Kissler et aL, 2000; White et aL, 2010) . In the paired-stimulus gating design, schizophre nia patients usually display reduced activity in lower frequency bands, whereas alterations in higher frequency bands are less frequently reported (Brenner et aL, 2009; Brockhaus-Dumke et aL, 2008; Clementz and Blumenfeld, 2001; Edgar et aL, 2008; Hall et aL, 2010; Hong et aL, 2004 Hong et aL, , 2008 Rosburg et aL, 2009 ). These results suggest that a more detailed mapping of the oscillatory activity might help to determine the mechanisms contributing to the P50/M50 gating ratio and its alteration in schizophrenia. In particular, the induced oscillatory activity has received little attention in the literature on the sensory gating deficit in schizophrenia.
The present study used high-density magnetoencephalography (MEG) to examine evoked and induced oscillatory activity in a paired click design in schizophrenia patients and healthy controls. In particular, we hypothesize that deficient stimulus encoding in schizophrenia should be manifest in the weaker evoked gamma activity in patients than in healthy control subjects and that deficient recognition and retrieval of the encoding ofSl in the preparation ofS2 processing should be manifest in the weaker induced alpha power decrease in schizophrenia patients than in controls. We further hypothesize that these group differences in oscillatory activity should influence the relationship between evoked and induced activity and the M50 gating ratio: reduced evoked gamma power increase and reduced induced alpha power decrease should vary with the abnormal M50 ratio. Moreover, we hypothesized that the cortical sources of evoked and induced oscillatory activity extending beyond those of the M50 generator structures (in particular to the fronto cortical regions) indicate the influences of oscillatory activity involved in the fronto-cortical top-down modulation of event-related poten tials. The support for these hypotheses should explain the abnormal M50 ratio as a consequence of insufficiently processed S2 and thereby help to understand the altered sensory gating in schizophrenia.
Methods

Participants
The study was approved by the Ethics Committee of the University of Konstanz. The sample included 50 stable inpatients recruited, evaluated, and treated at the local centre for psychiatry (age M = 30.2, SD=7.9, 5 female) and 48 healthy control subjects (age M=28.1, SO = 6.2, 15 female). The inclusion criteria for patients were ICD-l0 diagnoses of schizophrenia, ' age 20-50 yea function, and no history of neurological disorders or head trauma with loss of consciousness. The control participants were included if they did not meet the criteria for a lifetime diagnosis of mental illness (screened with the MINI interview; Ackenheil et aL, 1999) , did not report any history of head trauma with loss of consciousness, and were free of psychoactive medication. Right-handedness was con firmed for 41 patients and 44 controls according to the Edinburgh Handedness Inventory , five patients and three controls were left-handed, and four patients and one control were ambidextrous. All participants gave written informed consent for the participation following a complete description of the study protocol and measurements. All participants refrained from smoking for at least one hour prior to MEG recording. Participants received 20€ for participation in the experiment, which lasted for about 2 h.
1 Subcategories paranoid-hallucinatory schizophrenia (F20.0. n=40), disorganized schizophrenia (F20.1. n=2), post-schizophrenic depression (F20.4, n=2), residual schizophrenia (F20.s, n = 1), acute polymorphic psychotic disorder with symptoms of schizophrenia (F23.1, n = 3), and schizoaffective disorder (F2S.1, n = 2). Results of an intervention trial on a subset of this sample are reported in Popov et al. (2011) .
Design and data acquisition
One hundred pairs of 3 ms square-wave clicks were presented with a 500 ms onset-to-onset inter-stimulus interval and an 8 s jittered inter-trial interval (offset to onset 7-9 s). Clicks were presented at 50 dB above subjective hearing level. determined separately for each ear, and delivered via non-ferromagnetic tubes of about 5 m length. No task was involved, except that participants were asked to keep their eyes focused on a small fixation point throughout the measurement.
MEG was recorded while subjects were in a supine position, using 
Data reduction and analysis
Global noise was removed offline from the MEG data by subtracting external, non-biological noise recorded by 11 MEG reference channels.
Before the subtraction, reference channels were multiplied with individually calculated fixed weight factors. Relevant time-frequency windows were defined using a cluster based, independent-sample t-test with Monte Carlo randomization following the procedure described in Maris and Oostenveld (2007) .
Spectral analysis
This procedure effectively controls for multiple comparisons and allows the identification of sensor clusters with significant group differences in 3D on a sensor level (time, frequency, and sensors) and a brain source level (volume). At least 3 sensors/cluster were required from 1000 randomizations for the time-frequency data, and 500 randomizations were required for the comparisons of voxel-clusters at the source leveL Sensor/voxel clusters were identified as differen tially active when group differences exceeded a threshold of significance at the 5% level; the test statistic was defined as the sum of the t -statistics of the sensors/Voxels within the respective cluster.
A frequency-domain adaptive spatial filtering algorithm enabling the dynamic imaging of the coherent sources (D1CS; Gross et aL, 2001) served to estimate the sources of activity that contributed to the effects at the sensor leveL This algorithm uses cross-spectral density matrices obtained from the data to construct a spatial filter optimized for a specific location (voxel). The time windows and frequency bands of interest were based on the results obtained for the sensor clusters, A realistic single-shell brain model (Nolte, 2003) was constructed for each subject based either on the individual structural magnetic resonance (MR) images (available for 36 controls and 17 schizophre nia patients) or on an affine transformation of an MNI-template brain (Montreal Neurological Institute (MNl), Montreal, Canada; http:// www.bic.mnLmcgiILca/brainweb) to the subject.s digitized individual head shape (for 12 controls and 33 patients; see also Keil et aL, 2010; Lecaignard et aL, 2008) . The results for individual subjects were normalized onto a common brain template for illustration (e.g., source grand averaging) and for the statistical group comparisons.
Event-related analysis
Epochs used for the averaging of the scalp-sensor data across trials were defined as 300 ms pre-51 baseline and 1000 ms following 51, time-frequency window ( Fig. 2B ) indicated that the group differences originated from the right and left fronto-temporal regions, right mid temporal gyrus, and the middle part of the cingulum.
Alpha-band (8-12 Hz) power decreased in the interval of 300-800 ms. This event-related desynchronization (ERD), which reached its maximum shortly before or at 52 onset ( Fig. 2A) , was more pronounced in controls than in patients. The non parametric permu tation test verified that this decrease was particularly pronounced at posterior sensors (p = 0.03: Fig. 2C ). Descriptively, it is apparent in (Fig. 1B) .
51 and 52 also evoked changes at frequencies >30 Hz. The evoked 60-80 Hz gamma-band response was prominent in controls 50-200 ms after 51, whereas patients showed almost no gamma-band change (Fig. 3A) . The non parametric permutation test confirmed this effect over the fronto-central sensors ( In controls (Fig. 6 ), higher 51-evoked gamma power was related to lower gating ratios (rectangle in Fig. 6A ). The plotting correlation coefficient as a function of topography emphasized significant relation ships at the sensor clusters over the left centro-parietal and right fronto temporal regions (Fig. 6B ). D1CS confirmed this relationship for sources primarily in the parietal brain regions. Le. cuneus and posterior cingulate cortex (Fig. 6C) .
Discussion
Evoked and induced oscillatory activity was examined in a paired stimulus design with the aim to elucidate processes contributing to altered M50 gating ratios in schizophrenia patients. The present results replicated the oft -reported gating deficit in schizophrenia.
here assessed in the source space. Importantly. patients and controls differed in the stimulus-locked (evoked) changes in the alpha and gamma bands and non-phase-Iocked (induced) changes in alpha activity during the inter-stimulus interval. Patients' reduced evoked and induced oscillatory activity was related to their higher M50 gating ratio. The concept of sensory gating cannot fully explain this outcome.
Hence. several other mechanisms of auditory processing must be involved in producing these abnormalities in schizophrenia.
The present findings of smaller evoked alpha-and upper gamma band responses to the first auditory stimulus may indicate less efficient encoding or less efficient active memory for this stimulus. White et al. (2010) reported altered alpha and gamma activity to be related to the impaired somatosensory processing in schizophrenia.
Thus. oscillatory activities in these frequency bands may indicate stimulus encoding regardless of stimulus modality. Generator sources of the evoked gamma response were found in the prefrontal brain regions (middle frontal gyrus and dorsal ACC). suggesting top-down modulation of initial auditory information processing. Similar reduced power and phase-locking of the early evoked gamma responses to auditory stimuli in schizophrenia have been reported by Leicht et al. (2010) . Whereas Leicht and colleagues attributed the reduced gamma response to reduced activity in the medial frontal gyrus and ACC. Mulert et al. (2007) related the gamma band activity in dorsal ACC to the top-down influences on early auditory processing. The markedly reduced evoked gamma response in schizophrenia patients suggests that this modulation was impaired.
A second contributor to sensory gating and its disruption in schizophrenia may be that the induced alpha de synchronization before the onset of 52 is a consequence of 51-initiated attention binding. Auditory gating ratios can be modified by the attention modulation in schizophrenia patients. supporting the hypothesis of insufficient recruitment of automatic 51-initiated attention in patients (Yee et al.. 2010) . Although the present results did not confirm smaller 51-evoked M50 in patients. the reduced 51-evoked alpha and gamma responses may reflect less activation of the attention resources (Debener et al.. 2003; Tallon-Baudry et al.. 2005) . with less induced alpha desynchronization being a consequence.
Although the present paired-click design did not include an explicit performance task. 51 must have initiated memory trace formation and working memory processes (Lijffijt et al.. 2009 ).
thereby modulating alpha desynchronization. Event-related or oscil latory manifestation of stimulus recognition and comparison with the memory trace may be expected following (rather than before) 52-onset. Nevertheless. alpha desynchronization preceding 52 onset may reflect a preparatory state facilitating the comparison and memory retrieval of 52. Accordingly. a third candidate mechanism is that less desynchronization in patients may reflect less efficient working memory processes. Association with memory-related processes is also supported by the frontocortical generators that contributed to group differences in alpha desynchronization. Moreover. induced gamma responses have been associated with active memory processes (Pulvermuller et al.. 1999) . so the smaller evoked gamma response in patients may have reflected less efficient active memory processes.
The source reconstruction revealed group differences in evoked and induced oscillatory activity in distributed generator structures.
including the frontocortical and posterior sources. even though the normal sources of MSO and evoked alpha activity were found in the auditory cortices. The frontocortical sources during the processing of auditory stimuli have been implicated in the MEG studies of nonpatients (Mayer et al.. 2009; Weisser et al.. 2001 ) and intracranial recordings in epileptic patients (Grunwald et al.. 2003; Korzyukov et al.. 2007 ). Moreover. Williams et al. (2011) reported EEG evidence of an association between enhanced gating-related dipole activity in the dorsolateral prefrontal cortex and higher gating ratios in schizophrenia subjects. which might point to a relationship between working memory and sensory gating.
In concert. the interplay of oscillatory findings suggests that the gating ratio varies as a function of the engagement of distributed cortical networks in initial stimulus encoding. sustained attention. Identical filter settings would yield identical data sets for unraveling the relationship between evoked fields and alpha band power. but identical filter settings could not be applied for recording and analysis of the gamma frequency up to 80 Hz -as determined in the present study.
Thus. it is conceivable that the results for ERF/gating ratio and spectral power as a consequence were influenced by the fact that a low-pass filter was applied to the ERF analysis but not to the oscillatory activity analysis. A meta-analysis of the sensory gating studies in schizophrenia with special emphasis on methodological differences (Patterson et al.. 2008) suggested that the choice of a high-pass filter indeed influences the gating ratio and that cut-off frequencies >3 Hz might artificially increase PSO amplitude. The present data set does not allow specification whether and to what extent frequencies in the higher 313 gamma range influenced the conventionally scored gating ratio. This would require opening of the low-pass filter settings in sensory gating designs in future ERP/ERF studies. Further work is needed to decide among several possible mechanisms of the impaired sensory gating in schizophrenia patients.
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